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Abstract
The basic ingredients of the Spontaneous Symmetry Breaking Phenomenon and of
the Higgs Mechanism are reviewed in these lectures of pedagogical character. Some
relevant topics related with the breaking SU(2)L ×U(1)Y → U(1)em are selected and
discussed here. A brief survey of the experimental Higgs particle searches and the
theoretical limits on MH are also presented. The main features of the most popular
models of symmetry breaking beyond the Standard Model are briefly considered. It
includes a short summary of the Higgs Sector in the Minimal SUSY Model, the basic
ideas of Technicolor models and a brief introduction to Strongly Interacting Scalar
sectors and to the Effective Chiral Lagrangian Approach to the Electroweak Theory.
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1 Introduction
One of the key ingredients of the Standard Model of electroweak interactions (SM) [1] is the con-
cept of Spontaneous Symmetry Breaking (SSB) [2], giving rise to Goldstone-excitations which in
turn can be related to gauge boson mass terms. This procedure, ussually called Higgs Mechanism
[3], is necessary in order to describe the short ranged weak interactions by a gauge theory with-
out spoiling gauge invariance. The discovery of the W± and Z gauge bosons at CERN in 1983
may be considered as the first experimental evidence of the Spontaneous Symmetry Breaking
Phenomenon in electroweak interactions [4, 5]. In present and future experiments one hopes to
get insight into the nature of this Symmetry Breaking Sector (SBS) and this is one of the main
motivations for constructing the next generation of accelerators. In particular, it is the most
exiciting challenge for the recently approved LHC collider being built at CERN.
In the SM, the symmetry breaking is realized linearly by a scalar field which acquires a non-
zero vacuum expectation value. The resulting physical spectrum contains not only the massive
intermediate vector bosons and fermionic matter fields but also the Higgs particle, a neutral scalar
field which has successfully escaped experimental detection until now. The main advantage of
the Standard Model picture of symmetry breaking lies in the fact that an explicit and consistent
formulation exists, and any observable can be calculated perturbatively in the Higgs self-coupling
constant. However, the fact that one can compute in a model doesn’t mean at all that this is the
right one.
The concept of spontaneous electroweak symmetry breaking is more general than the way it
is usually implemented in the SM. Any alternative SBS has a chance to replace the standard
Higgs sector, provided it meets the following basic requirements: 1) Electromagnetism remains
unbroken; 2) The full symmetry contains the electroweak gauge symmetry; 3) The symmetry
breaking occurs at about the energy scale v = (
√
2GF )
− 1
2 = 246 GeV with GF being the Fermi
coupling constant.
In these lectures I will review all these basic ingredients of the Symmetry Breaking Phe-
nomenom in the Electroweak Theory, and I will discuss some relevant topics related with this
breaking. The lectures aim to be of pedagogical character and they are essentially addressed
to young particle physicists without too much theoretical background in Quantum Field The-
ory. The lectures include a survey of experimental Higgs particle searches and the present status
of theoretical bounds on the Higgs mass. Part of these lectures is devoted to present selected
SBS beyond the SM Higgs sector. It includes short introductions to: The Higgs sector of the
Minimal SUSY Model (MSSM), Technicolor models, Strongly Interacting Scalar sectors and the
Electroweak Chiral Lagrangian (EChL). These Lectures do not pretend to treat exhaustively
the subject of Electroweak Symmetry Breaking nor to provide a complete set of references. I
appologize for possible (most probably) missing references.
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2 The Phenomenon of Spontaneous Symmetry Breaking
A simple definition of the phenomenon of spontaneous symmetry breaking (SSB)[4] is as follows:
A physical system has a symmetry that is spontaneously broken if the interactions governing
the dynamics of the system possess such a symmetry but the ground state of this system does not.
An illustrative example of this phenomenon is the infinitely extended ferromagnet. For this
purpouse, let us consider the system near the Curie temperature TC . It is described by an infinite
set of elementary spins whose interactions are rotationally invariant, but its ground state presents
two different situations depending on the value of the temperature T .
Situation I: T > TC
The spins of the system are randomly oriented and as a consequence the average magnetization
vanishes: ~Maverage = 0. The ground state with these disoriented spins is clearly rotationally
invariant.
Situation II: T < TC
The spins of the system are all oriented parallely to some particular but arbitrary direction
and the average magnetization gets a non-zero value: ~Maverage 6= 0 (Spontaneous Magnetization).
Since the direction of the spins is arbitrary there are infinite possible ground states, each one
corresponding to one possible direction and all having the same (minimal) energy. Futhermore,
none of these states is rotationally invariant since there is a privileged direction. This is, therefore,
a clear example of spontaneous symmetry breaking since the interactions among the spins are
rotationally invariant but the ground state is not. More specifically, it is the fact that the
system ’chooses’ one among the infinite possible non-invariant ground states what produces the
phenomenon of spontaneous symmetry breaking.
On the theoretical side, and irrespectively of what could be the origen of such a physical
phenomenon at a more fundamental level, one can parametrize this behaviour by means of a
symple mathematical model. In the case of the infinitely extended ferromagnet one of these
models is provided by the Theory of Ginzburg-Landau [6]. We present in the following the basic
ingredients of this model.
For T near TC , ~M is small and the free energy density u( ~M) can be approached by (here
higher powers of ~M are neglected):
u( ~M) = (∂i ~M)(∂i ~M) + V ( ~M) ; i = 1, 2, 3
V ( ~M) = α1(T − TC)( ~M. ~M) + α2( ~M. ~M)2 ; α1, α2 > 0 (1)
The magnetization of the ground state is obtained from the condition of extremum:
δV ( ~M)
δMi
= 0⇒ ~M.
[
α1(T − TC) + 2α2( ~M. ~M)
]
= 0 (2)
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There are two solutions for ~M , depending on the value of T :
Solution I:
If T > TC ⇒
[
α1(T − TC) + 2α2( ~M. ~M)
]
> 0 ⇒ ~M = 0
The solution for ~M is the trivial one and corresponds to the situation I described before
where the ground state is rotational invariant. The potential V ( ~M) has a symmetric shape with
a unique minimum at the origen ~M = 0 where V (0) = 0. This is represented in Fig.1 for the
simplified bidimensional case, ~M = (MX ,MY ).
Fig.1 The potential V ( ~M) in the symmetric phase
Solution II:
If T < TC ⇒ ~M = 0 is a local maximum and eq.(2) requires:
α1(T − TC) + 2α2( ~M. ~M) = 0⇒ | ~M | =
√
α1(TC − T )
2α2
Namely, there are an infinite absolute minima having all the same | ~M | above, but different
direction of ~M . This corresponds to the situation II where the system has infinite possible
degenerate ground states which are not rotationally invariant. The potential V ( ~M) has a ’mexican
hat shape’ as represented in Fig.2 for the bidimensional case.
3
Fig.2 The potential V ( ~M) in the spontaneously broken phase
Notice that it is the choice of the particular ground state what produces, for T < TC , the
spontaneous breaking of the rotational symmetry.
3 Spontaneous Symmetry Breaking in Quantum Field The-
ory: QCD as an example
In the language of Quantum Field Theory, a system is said to possess a symmetry that is sponta-
neously broken if the Lagrangian describing the dynamics of the system is invariant under these
symmetry transformations, but the vacuum of the theory is not. Here the vacuum |0 > is the
state where the Hamiltonian expectation value < 0|H|0 > is minimum.
For illustrative purposes we present in the following the particular case of Quantum Chromo-
dynamics (QCD) where there is a symmetry, the chiral symmetry, that is spontaneously broken
[7]. For simplicity let us consider QCD with just two flavours. The Lagrangian is given by:
LQCD = −1
2
TrGµνGµν +
∑
u,d
(iq¯Dµγ
µq −mq q¯q) (3)
where,
Gµν = ∂µAν − ∂νAµ − igs [Aµ, Aν ]
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Dµq = (∂µ − igsAµ)q
Aµ =
8∑
a=1
1
2
Aaµλa (4)
It is easy to check that for mu,d = 0, LQCD has (apart from the SU(3)C gauge symmetry)
a global symmetry SU(2)L × SU(2)R, called chiral symmetry, that is defined by the following
transformations:
ΨL → Ψ′L = ULΨL
ΨR → Ψ′R = URΨR
where,
Ψ =
(
u
d
)
; ΨL =
1
2
(1− γ5)Ψ ; ΨR = 1
2
(1 + γ5)Ψ
UL ∈ SU(2)L ; UR ∈ SU(2)R
UL and UR can be written in terms of the 2x2 matrices T
a
L and T
a
R (a = 1, 2, 3) corresponding
to the generators QaL and Q
a
R of SU(2)L and SU(2)R respectively:
UL = exp(−iαaLT aL) ; UR = exp(−iαaRT aR)
It turns out that the physical vacuum of QCD is not invariant under the full chiral SU(2)L×
SU(2)R group but just under the subgroup SU(2)V = SU(2)L+R that is the well known isospin
symmetry group. The transformations given by the axial subgroup, SU(2)A, do not leave the QCD
vacuum invariant. Therefore, QCD with mu,d = 0 has a chiral symmetry which is spontaneously
broken down to the isospin symmetry:
SU(2)L × SU(2)R → SU(2)V
The fact that in nature mu,d 6= 0 introduces an extra explicit breaking of this chiral symmetry.
Since the fermion masses are small this explicit breaking is soft. The chiral symmetry is not an
exact but approximate symmetry of QCD.
One important question is still to be clarified. How do we know from experiment that, in fact,
the QCD vacuum is not SU(2)L × SU(2)R symmetric?. Let us assume for the moment that it is
chiral invariant. We will see that this assumption leads to a contradiction with experiment.
If |0 > is chiral invariant ⇒
UL|0 >= |0 > ; UR|0 >= |0 >⇒ T aL|0 >= 0;T aR|0 >= 0⇒ QaL|0 >= 0 ; QaR|0 >= 0
In addition, if |Ψ > is an eigenstate of the Hamiltonian and parity operator such that:
H|Ψ >= E|Ψ > ; P |Ψ >= |Ψ >
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then,
∃|Ψ′ >= 1√
2
(QaR −QaL)|Ψ > / H|Ψ′ >= E|Ψ′ > ; P |Ψ′ >= −|Ψ′ >
In summary, if the QCD vacuum is chiral invariant there must exist pairs of degenerate states
in the spectrum, the so-called parity doublets as |Ψ > and |Ψ′ >, which are related by a chiral
transformation and have opposite parities. The absence of such parity doublets in the hadronic
spectrum indicates that the chiral symmetry must be spontaneously broken. Namely, there must
exist some generators Qa of the chiral group such that Qa|0 > 6= 0. More specifically, it can
be shown that these generators are the three Qa5 (a = 1, 2, 3) of the axial group, SU(2)A. In
conclusion, the chiral symmetry breaking pattern in QCD is SU(2)L × SU(2)R → SU(2)V as
announced.
4 Goldstone Theorem
One of the physical implications of the spontaneous symmetry breaking phenomenom is the
appearance of massless modes. For instance, in the case of the infinitely extended ferromagnet
and below the Curie temperature there appear modes connecting the different possible ground
states, the so-called spin waves.
The general situation in Quantum Fied Theory is described by the Goldstone Theorem [2]:
If a Theory has a global symmetry of the Lagrangian which is not a symmetry of the vacuum
then there must exist one massless boson, scalar or pseudoscalar, associated to each generator
which does not annihilate the vacuum and having its same quantum numbers. These modes are
referred to as Nambu-Goldstone bosons or simply as Goldstone bosons.
Let us return to the example of QCD. The breaking of the chiral symmetry is characterized
by Qa5|0 > 6= 0 (a = 1, 2, 3). Therefore, according to Goldstone Theorem, there must exist
three massless Goldstone bosons, πa(x) a = 1, 2, 3, which are pseudoscalars. These bosons are
identified with the three physical pions.
The fact that pions have mpi 6= 0 is a consequence of the soft explicit breaking in LQCD given
by mq 6= 0. The fact that mpi is small and that there is a large gap between this mass and the rest
of the hadron masses can be seen as another manifestation of the spontaneous chiral symmetry
breaking with the pions being the pseudo-Goldstone bosons of this breaking.
5 Dynamical Symmetry Breaking
In the previous sections we have seen the equivalence between the condition Qa|0 > 6= 0 and
the non-invariance of the vacuum under the symmetry transformations generated by the Qa
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generators:
U |0 > 6= |0 > ; U = exp(iǫaQa)
In Quantum Field Theory, it can be shown that an alternative way of characterizing the
phenomenom of SSB is by certain field operators that have non-vanishing vacuum expectation
values (v.e.v.).
SSB⇐⇒ ∃Φj/ < 0|Φj|0 > 6= 0
This non-vanishing v.e.v. plays the role of the order parameter signaling the existence of a
phase where the symmetry of the vacuum is broken.
There are several possibilities for the nature of this field operator. In particular, when it is a
composite operator which represents a composite state being produced from a strong underlying
dynamics, the corresponding SSB is said to be a dynamical symmetry breaking. The chiral
symmetry breaking in QCD is one example of this type of breaking. The non-vanishing chiral
condensate made up of a quark and an anti-quark is the order paremeter in this case:
< 0|q¯q|0 > 6= 0⇒ SU(2)L × SU(2)R → SU(2)V
The strong interactions of SU(3)C are the responsible for creating these q¯q pairs from the vacuum
and, therefore, the value of the condensate < 0|q¯q|0 > should, in principle, be calculable from
QCD.
It is interesting to mention that this type of symmetry breaking can happen similarly in more
general SU(N) gauge theories. The corresponding gauge couplings become sufficiently strong at
large distances and allow for spontaneous breaking of their additional chiral-like symmetries. The
corresponding order paremeter is also a chiral condensate: < 0|ΨΨ|0 > 6= 0.
6 The Higgs Mechanism
The Goldstone Theorem is for theories with spontaneously broken global symmetries but does
not hold for gauge theories. When a spontaneous symmetry breaking takes place in a gauge
theory the so-called Higgs Mechanism operates [3]:
The would-be Goldstone bosons associated to the global symmetry breaking do not manifest
explicitely in the physical spectrum but instead they ’combine’ with the massless gauge bosons and
as result, once the spectrum of the theory is built up on the asymmetrical vacuum, there appear
massive vector particles. The number of vector bosons that acquire a mass is precisely equal to
the number of these would-be-Goldstone bosons.
There are three important properties of the Higgs Mechanism for ’mass generation’ that are
worth mentioning:
1.- It respects the gauge symmetry of the Lagrangian.
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2.- It preserves the total number of polarization degrees.
3.- It does not spoil the good high energy properties nor the renormalizability of the massless
gauge theories [8].
We now turn to the case of the Standard Model (SM) of Electroweak Interactions [1, 5]. We
will see in the following how the Higgs Mechanism is implemented in the SU(2)L×U(1)Y Gauge
Theory in order to generate a mass for the weak gauge bosons, W± and Z.
The following facts must be considered:
1.- The Lagrangian of the SM is gauge SU(2)L × U(1)Y symmetric. Therefore, anything we
wish to add must preserve this symmetry.
2.- We wish to generate masses for the three gauge bosons W± and Z but not for the photon,
γ. Therefore, we need three would-be-Goldstone bosons, φ+, φ− and χ, which will combine
with the three massless gauge bosons of the SU(2)L × U(1)Y symmetry.
3.- Since U(1)em is a symmetry of the physical spectrum, it must be a symmetry of the vacuum
of the Electroweak Theory.
From the above considerations we conclude that in order to implement the Higgs Mechanism
in the Electroweak Theory we need to introduce ’ad hoc’ an additional system that interacts
with the gauge sector in a SU(2)L × U(1)Y gauge invariant manner and whose self-interactions,
being also introduced ’ad hoc’, must produce the wanted breaking, SU(2)L × U(1)Y → U(1)em,
with the three associated would-be-Goldstone bosons φ+, φ− and χ. This sytem is the so-called
Symmetry Breaking Sector (SBS).
7 The Symmetry Breaking Sector of the Electroweak The-
ory
In this section we introduce and justify the simplest choice for the SBS of the Electroweak Theory.
Let Φ be the additional system providing the SU(2)L × U(1)Y → U(1)em breaking. Φ must
fulfil the following conditions:
1.- It must be a scalar field so that the above breaking preserves Lorentz invariance.
2.- It must be a complex field so that the Hamiltonian is hermitian.
3.- It must have non-vanishing weak isospin and hypercharge in order to break SU(2)L and
U(1)Y. The assignment of quantum numbers and the choice of representation of Φ can be
done in many ways. Some possibilities are:
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- Choice of a non-linear representation: Φ transforms non-linearly under SU(2)L ×
U(1)Y.
- Choice of a linear representation: Φ transforms linearly under SU(2)L × U(1)Y. The
simplest linear representation is a complex doublet. Alternative choices are: complex
triplets, more than one doublet, etc. In particular, one may choose two complex doublets
H1 and H2 as in the Minimal Supersymmetric Standard Model.
4.- Only the neutral components of Φ are allowed to acquire a non-vanishing v.e.v. in order to
preserve the U(1)em symmetry of the vacuum.
5.- The interactions of Φ with the gauge and fermionic sectors must be introduced in a gauge
invariant way.
6.- The self-interactions of Φ given by the potential V (Φ) must produce the wanted breaking
which is characterized in this case by < 0|Φ|0 > 6= 0. Φ can be, in principle, a fundamental
or a composite field.
7.- If we want to be predictive from low energies to very high energies the interactions in V (Φ)
must be renormalizable. If instead one renounces to the predictivity at such high energies
there is an alternative possibility: The SM could be considered as an effective theory of
some other fundamental theory which opeartes at much higher energies. In that case the
emerging effective potential Veff(Φ) could be non-renormalizable and its ’predictivity’ must
be restricted just to low energies.
By taking into account the above seven points one is led to the following simplest choice for the
system Φ and the Lagrangian of the SBS of the Electroweak Theory:
LSBS = (DµΦ)†(DµΦ)− V (Φ)
V (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2 ; λ > 0 (5)
where,
Φ =
(
φ+
φ0
)
DµΦ = (∂µ − 1
2
ig~τ · ~Wµ − 1
2
ig′Bµ)Φ. (6)
Here Φ is a fundamental complex doublet with hypercharge Y (Φ) = 1 and V (Φ) is the simplest
renormalizable potential. ~Wµ and Bµ are the gauge fields of SU(2)L and U(1)Y respectively and
g and g′ are the corresponding gauge couplings.
It is interesting to notice the similarities with the Ginzburg-Landau Theory. Depending on
the sign of the mass parameter (−µ2), there are two possibilities for the v.e.v. < 0|Φ|0 > that
minimizes the potential V (Φ),
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1) (−µ2) > 0: The minimum is at:
< 0|Φ|0 >= 0
The vacuum is SU(2)L × U(1)Y symmetric and therefore no symmetry breaking occurs.
2) (−µ2) < 0: The minimum is at:
| < 0|Φ|0 > | =
(
0
v√
2
)
; arbitrary arg Φ ; v ≡
√
µ2
λ
Therefore, there are infinite degenerate vacua corresponding to infinite posssible values of
arg Φ. Either of these vacua is SU(2)L × U(1)Y non-symmetric and U(1)em symmetric.
The breaking SU(2)L × U(1)Y → U(1)em occurs once a particular vacuum is chosen. As
usual, the simplest choice is taken:
< 0|Φ|0 >≡
(
0
v√
2
)
; arg Φ ≡ 0 ; v ≡
√
µ2
λ
The two above symmetric and non-symmetric phases of the Electroweak Theory are clearly similar
to the two phases of the ferromagnet that we have described within the Ginzburg Landau Theory
context. In the SM, the field Φ replaces the magnetization ~M and the potential V (Φ) replaces
V ( ~M). The SM order papameter is, consequently, < 0|Φ|0 >. In the symmetric phase V (Φ) is
as in Fig.1, whereas in the non-symmetric phase it is as in Fig.2.
Another interesting aspect of the Higgs Mechanism, as we have already mentioned, is that it
preserves the total number of polarization degrees. Let us make the counting in detail:
1) Before SSB
4 massless gauge bosons: W µ1,2,3, B
µ
4 massless scalars: The 4 real components of Φ, (φ1, φ2, φ3, φ4)
Total number of polarization degrees = 4× 2 + 4 = 12
2) After SSB
3 massive gauge bosons: W±, Z
1 massless gauge boson: γ
1 massive scalar: H
Total number of polarization degrees: 3× 3 + 1× 2 + 1 = 12
Furthermore, it is important to realize that one more degree than needed is introduced into the
theory from the beginning. Three of the real components of Φ, or similarly φ± ≡ 1√
2
(φ1 ∓ iφ2)
and χ = φ3, are the needed would-be Goldstone bosons and the fourth one φ4 is introduced just
to complete the complex doublet. After the symmetry breaking, this extra degree translates into
the apparition in the spectrum of an extra massive scalar particle , the Higgs boson particle H .
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Before ending this section, we would like to address the following important question: Is
it possible the Higgs Mechanism without the Higgs particle?. From the previous counting we
see that, strictly speaking, it is not needed to implement the symmetry breaking. The Higgs
Mechanism does require just the three would-be Goldstone bosons in order to generate the masses
of the W± and Z gauge bosons. Two more questions then arise. How must be introduced these
three scalars? and, what are the consequences of eliminating the Higgs particle?. It turns out
that the only possiblity of introducing the minimal number of scalars, that is three, is by means
of a non-linear representation. One example is:
U ≡ exp
i ~τ · ~φ
v
, v = 246 GeV, ~φ = (φ1, φ2, φ3)
U is a 2× 2 unitary matrix and transforms linearly under SU(2)L × U(1)Y:
U → gLUg+R ; gL ∈ SU(2)L , gR ∈ U(1)Y
However, the would-be Goldstone boson fields transform non-linearly:
~Φ→ F (~Φ)
with F a non-linear function.
Moreover, one may build a potential in terms of the field U and its derivatives, V (U, ∂µU),
such that it produces the wanted breaking SU(2)L ×U(1)Y → U(1)em. It can be shown that the
model in which one replaces the standard V (Φ) by this V (U, ∂µU) fulfils the requirements 1 to 6
presented before. Of course, The derivatives in the later should be replaced by the corresponding
covariant derivatives in order to get gauge invariance of the full Lagrangian.
The drawback of this model is that it fails in condition 7. In contrast to the standard V (Φ),
V (U, ∂µU) is non-renormalizable and therefore it cannot be predictive to very high energies. In
conclusion, if we want to implement the Higgs Mechanism without the Higgs particle we must
renounce to the renormalizability of the SBS and we need to build a sensible low energy effective
theory and define a way to deal with non-renormalizable interactions.
8 The particle spectra of the Electroweak Theory
In order to get the particle spectra and the particle masses we first write down the full SM
Lagrangian which is SU(2)L × U(1)Y gauge invariant:
LSM = LYM + LΨ + LSBS + LYW (7)
Here, LYM, LΨ, LSBS and LYW are the Lagrangians of the Yang Mills fields, the fermionic fields,
the SBS and the Yukawa interactions respectively:
LYM = 1
2
Tr (WµνWµν + BµνBµν) + LGF + LFP (8)
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LΨ =
∑
Ψ
iΨγµDµΨ (9)
LSBS = (DµΦ)†(DµΦ) + µ2Φ†Φ− λ(Φ†Φ)2 (10)
LYW = λel¯LΦeR + λuq¯Φ˜uR + λdq¯LΦdR + h.c. + 2nd and 3rd families (11)
where, LGF and LFP are the gauge fixing and Faddeev-Popov terms respectively that we omit
here for brevity.
The field strength tensors are,
Wµν ≡ ∂µWν − ∂νWµ − g[Wµ,Wν ],
Bµν ≡ ∂µBν − ∂νBµ (12)
and the fields are given by,
Wµ ≡ −i
2
~Wµ · ~τ ; Bµ ≡ −i
2
Bµ τ
3
lL =
(
νL
eL
)
; qL =
(
uL
dL
)
Φ =
(
φ+
φ0
)
; Φ˜ = iτ2Φ
∗ =
(
φ∗0
−φ−
)
(13)
The following steps summarize the procedure to get the spectrum from LSM:
1.- A non-symmetric vacuum must be fixed. Let us choose, for instance,
< 0|Φ|0 >=
(
0
v√
2
)
2.- The physical spectrum is built by performing ’small oscillations’ around this vacuum. These
are parametrized by,
Φ(x) = exp
i~ξ(x)~τ
v
( 0
v+H(x)√
2
)
where ~ξ(x) and H(x) are ’small’ fields.
3.- In order to eliminate the unphysical fields we make the following gauge transformations:
Φ′ = U(ξ)Φ =
(
0
v+H√
2
)
; U(ξ) = exp
−i~ξ~τ
v

l′L = U(ξ)lL ; e
′
R = eR ; q
′
L = U(ξ)qL ; u
′
R = uR ; d
′
R = dR~τ · ~W ′µ
2
 = U(ξ)
~τ · ~Wµ
2
U−1(ξ)− i
g
(∂µU(ξ))U
−1(ξ) ; B′µ = Bµ (14)
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4.- Finally, the weak eigenstates are rotated to the mass eigenstates which define the physical
gauge boson fields:
W±µ =
W ′1µ ∓ iW ′2µ√
2
,
Zµ = c W
′3
µ − s B′µ,
Aµ = s W
′3
µ + c B
′
µ, (15)
where, c ≡ cos θW , s ≡ sin θW and θW is the weak angle defined by tan θW ≡ g′g .
It is now straightforward to read the masses from the following terms of LSM:
(DµΦ
′)†(DµΦ′) =
(
g2v2
4
)
W+µ W
µ− +
1
2
(
(g2 + g′2)v2
4
)
ZµZ
µ + ...
V (Φ′) =
1
2
(2µ2)H2 + ...
LYW =
(
λe
v√
2
)
e¯′Re
′
R +
(
λu
v√
2
)
u¯′Ru
′
R +
(
λd
v√
2
)
d¯′Rd
′
R + ... (16)
and get finally the tree level predictions:
MW =
gv
2
; MZ =
√
g2 + g′2v
2
MH =
√
2µ
me = λe
v√
2
; mu = λu
v√
2
; md = λd
v√
2
; ... (17)
where,
v =
√
µ2
λ
; g =
e
s
; g′ =
e
c
Some comments are in order.
- All masses are given in terms of a unique mass parameter v and the couplings g, g′, λ, λe,
etc..
- The interactions of H with fermions and with gauge bosons are proportional to the gauge
couplings and to the corresponding particle masses:
f f¯H : −ig
2
mf
MW
; W+µ W
−
ν H : igMW gµν ; ZµZνH :
ig
c
MZgµν
- The v.e.v. v is determined experimentally form µ-decay. By identifying the predictions of
the partial width Γ(µ → νµν¯ee) in the SM to low energies (q2 << M2W ) and in the V-A
Theory one gets,
GF√
2
=
g2
8M2W
=
1
2v2
13
where,
GF = (1.16639± 0.00002)× 10−5 GeV −2
And from here,
v = (
√
2GF )
− 1
2 = 246 GeV
- The values ofMW andMZ were anticipated successfully quite before they were measured in
experiment. The input parameters were θW , the fine structure constant α and GF . Before
LEP these were the best measured electroweak parameters.
- In contrast to the gauge boson sector, the Higgs boson massMH and the Higgs self-coupling
λ are completely undetermined in the SM.
- The hierarchy in the fermion masses is also completely undetermined in the SM.
9 The ρ parameter and the custodial symmetry
In this section we comment on the relevance of the ρ parameter and the custodial symmetry for
the study of the SBS of the Electroweak Theory.
The ρ parameter is defined as the ratio of neutral to charged current interactions at low
energies:
ρ ≡ TNC(q
2 << M2Z)
TCC(q2 << M2W )
(18)
and is known from ν-scattering experiments to be very close to one: ρexp ≈ 1.
The SM prediction at tree level is given by:
ρSMtree =
M2W
M2Zc
2
(19)
From this equation and by using the tree level expressions of eq.(17) one gets the well known
result,
ρSMtree = 1
At one loop and by keeping just the so-called ’oblique’ corrections, namely, the self-energies but
not the vertex and box corrections, one gets:
ρ =
ρtree
1−∆ρ (20)
where ∆ρ can be written in terms of the renormalized gauge bosons self-energies as follows:
∆ρ =
ΣRZ(0)
M2Z
− Σ
R
W (0)
M2W
(21)
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or, alternatively, in terms of the unrenormalized self-energies:
∆ρ =
ΣZ(0)
M2Z
− ΣW (0)
M2W
− 2s
c
ΣγZ(0)
M2Z
(22)
where, MW , MZ , s and c are the renormalized parameters in the on-shell scheme [9].
In the SM, ∆ρ receives contributions from both the bosonic and fermionic loops and they are
of electroweak strength, meaning ∆ρ ∼ O(10−2).
The fact that ρ is very close to one can be understood from the theory point of view as a
consequence of an additional approximate global symmetry of LSM. This is the named custodial
symmetry, SU(2)C [10] and it would be an exact symmetry if the masses of the fermions in
each fermionic weak doublet (or, equivalently, their corresponding Yukawa couplings) were equal,
mf1 = mf2 , and if g
′ = 0. The existence of mass splittings and interactions mediated by the
hypercharge boson produce some explicit SU(2)C breaking terms. However, they are in general
small except for the top-bottom mass splitting effect.
It is interesting to realize that if one isolates the pure scalar sector of the SM it turns out to
be exactly SU(2)C symmetric. In order to show this let us write the Lagrangian of the scalar
sector, eq.(5) in terms of a different parametrization:
LSBS = 1
4
Tr
[
(∂µM)
†(∂µM)
]
− V (M) ; (23)
V (M) =
1
4
λ
[
1
2
Tr(M †M) +
µ2
λ
]2
(24)
where M is a 2× 2 matrix containing the four real scalar fields of Φ:
M ≡
√
2(Φ˜Φ) =
√
2
(
φ∗0 φ
†
−φ− φ0
)
;
Φ =
(
φ+
φ0
)
;
Φ˜ = iτ2Φ
∗ =
(
φ∗0
−φ−
)
(25)
It is easy to check that LSBS is invariant under the transformations:
M → gLMg+R ; gL ∈ SU(2)L ; gR ∈ SU(2)R
This global symmetry SU(2)L×SU(2)R is called the ’chiral’ symmetry of the scalar sector of
the SM because of its analogy with the chiral symmetry of QCD. Furthermore, if one studies the
vacuum state of the theory defined by this pure scalar sector one finds out that it is not ’chiral’
invariant but just invariant under a lower symmetry given by the diagonal subgroup SU(2)L+R
which is identified with the custodial symmetry group, SU(2)C . This is the analogous to the
isospin symmetry group of QCD. In summary, the SBS of the SM has a spontaneouly broken
global chiral symmetry:
SU(2)L × SU(2)R → SU(2)C
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Once the subgroup SU(2)L × U(1)Y is gauged, the complete LSM is not anymore SU(2)L ×
SU(2)R nor custodial invariant. The explicit breaking in the bosonic sector is produced by
the hypercharge boson mediated interactions and is small since it is proportional to g′. Some
observables as ∆ρ meassure precisely these custodial breaking terms and, therefore, they vanish
in the limit g′ ≈ 0, that is ∆ρbosonic ≈ 0. One crucial point is that this result is true even in the
hypothetical case that the SBS be strongly interacting. The prediction of ρ ≈ 1, at tree level and
beyond tree level, is protected against potentially large corrections from this sector due to the
approximate custodial symmetry of the Electroweak Theory. It is, therefore, a reasonable choice
in model building beyond the SM to assume that this custodial symmetry is indeed a symmetry
of its corresponding SBS .
10 Experimental bounds on MH
The search of the Higgs particle at present e+e− and p¯p colliders is very difficult due the smallness
of the cross-sections for Higgs production [12] which, in turn, is explained in terms of the small
couplings of the Higgs particle to light fermions: Hf¯f ↔ −ig
2
mf
MW
. On the other hand, at present
available energies, the dominant decay channel is H → bb¯ (see Fig.3) which is not easy to study
due to the complexity of the final state and the presence of large backgrounds.
Fig.3 Higgs decay branching ratios (ref.[21])
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I.- Higgs search at e+e− colliders (LEP, SLC)
The Higgs search at present e+e− colliders is done mainly by analysing the process [15, 13]:
e+e− → Z → Z∗H
with the virtual Z∗ decaying as Z∗ → l+l− or Z∗ → νν¯ and the Higgs particle decaying as
H → bb¯.
At LEPI with a center-of-mass-energy adjusted to the Z mass,
√
s ∼MZ , a very high statistic
has been reached and a systematic search of the Higgs particle for all kinematically allowed MH
values has been possible. The absence of any experimental signal from the Higgs particle implies
a lower bound on MH . The most recent reported bound from LEP is [11, 13, 15]:
MH > 65.1 GeV (95%C.L.)
In the second phase of LEP, LEPII, a center-of-mass-energy of up to
√
s ∼ 175GeV is expected
to be reached. The relevant process for Higgs searches will be:
e+e− → Z∗ → ZH
where now the intermediate Z boson is virtual and the final Z is on its mass shell. The analyses
of the various relevant Z and H decays will explore the following mass values:
MH <
√
s−MZ ∼ 80 GeV
In addition to the direct bounds on MH from LEP data, a great effort is being done also in
the search of indirect Higgs signals from its contribution to electroweak quantum corrections. In
fact, there have been already the first attempts to extract experimental bounds on MH from the
meassurement of observables as ∆ρ whose prediction in the SM is well known. It is interesting
to mention that neither the Higgs particle nor the top quark decouple from these low energy
observables. It means that the quantum effects of a virtual H or t do not vanish in the limit of
infinitely large MH or mt respectively. For instance, the leading corrections to ∆ρ in these limits
are [17, 18]:
(∆ρ)t =
g2
64π2
NC
m2t
M2W
+ ...
(∆ρ)H = − g
2
64π2
3 tan2 θW log
M2H
M2W
+ ... (26)
Whereas the top corrections grow with the mass as m2t , the Higgs corrections are milder growing
as logM2H . It means that the top non-decoupling effects at LEP are important. In fact they have
been crucial in the search of the top quark and have provided one of the first indirect indications
of the ’preference of data’ for large mt values. This has been finally confirmed with the discovery
of the top quark at TEVATRON and the meassurement of its mass [16], resulting in a weighted
average value of mt = 180± 12 GeV .
The fact that the Higgs non-decoupling effects are soft was announced a long time ago by
T.Veltman in the so-called Screening Theorem [17]. This theorem states that, at one-loop, the
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dominant quantum corrections from a heavy Higgs particle to electroweak observables grow, at
most, as logMH . The Higgs corrections are of the generic form:
g2(log
M2H
M2W
+ g2
M2H
M2W
+ ...)
and the potentially large effects proportional to M2H are ’screened’ by additional small g
2 factors.
Althougth some analyses performed at LEP show a slight ’preference of data’ for a light
Higgs (MH < 600 GeV, 95%C.L., with mt fixed to the TEVATRON value [13]) there are still
many uncertainties in this interpretation and the conclusion is highly dependent on the assumed
input values of mt, αs(M
2
Z) and α(M
2
Z). In fact, there are some parallel works [14] where the
opposite preference for a heavy Higgs is claimed. At present, it is therefore too premature to
reach a definite conclusion and we should wait till the uncertainties in the input parameters be
considerably reduced.
II.- Higgs search at hadronic colliders
The relevant subprocesses for Higgs production at hadronic pp and pp¯ colliders are shown in
Fig.4.
Fig.4 Higgs production mechanisms at hadronic colliders
At present available energies the dominant subprocess is gg-fusion. This can be seen in
Fig.5 where the cross section for the various Higgs production channels at the present collider
TEVATRON with
√
s = 2 TeV are shown.
18
Fig.5 Higgs production rates at TEVATRON (ref.[19])
Unfortunately, TEVATRON is not an efficient experiment for Higgs searches, mainly because
of lack of statistics, even for the case of a light Higgs where the cross section is maximum. For
instance, for the energy and luminosity values of
√
s = 1.8 TeV and L = 10−31cm−2sec−1 a Higgs
particle withMH = 60 GeV would produce just about 400 events per year. Furthermore, in order
to detect a light Higgs at hadron colliders one must look at the cleanest decays as, for instance,
the H → γγ channel which has a too small branching ratio, BR(H → γγ) ∼ 10−3.
The Higgs search at the recently approved LHC collider being built at CERN, is fortunately
more promising [20]. The cross section of Higgs production in the various modes at LHC are
shown in Fig.6.
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Fig.6 Higgs production rates at LHC (ref.[21])
For MH < 800 GeV and mt ∼ 180 GeV the dominant channel is still gg-fusion. However,
the WW and ZZ fusion channels become also relevant in the large MH region and, in particular,
they can provide valuable information on the Higgs system if it is strongly interacting.
The various exhaustive studies done so far indicate that if the LHC nominal parameters of√
s = 14 TeV and one-year-integrated luminosity of L = 105 pb−1 are reached, the whole missing
mass range of 80 GeV ≤MH ≤ 1 TeV can be covered [21].
11 WW scattering and the Effective W approximation
For a very heavy Higgs particle with MH ∼ O(1 TeV ) the Higgs width is comparable with its
mass and to consider vector boson fusion channels as in Fig.4 is not anymore a good aproximation.
In this case, all diagrams that participate in the V V scattering subprocess (V = W±, Z) must
be included. For instance, the diagrams contributing to W+W− production from W+W− fusion
are shown in Fig.7.
20
Fig.7 Contributing diagrams to qq → qqWW through WW scattering
The computation of all these diagrams is quite lengthy. For simplicity, it is convenient to use
the so-called Effective W Approximation [22] which is very similar to the well known Effective
Photon Approximation [23]. In the W Effective Approximation, the process qq → qqV V with
V = W±, Z is factorized out into the production of ’quasireal’ V ’s being radiated from the initial
quarks and the posterior rescattering of these bosons which are assumed to be on-shell. It works
well because the cross section of the full process qq → qqV V is known to be dominated by the
kinematical region where the intermediate V ’s in this process are emited close to their mass shell
and with small scattering angles with respect to the outgoing quark. From the computational
point of view, the V ’s are considered as partons with certain probability distributions and the
cross section of the full process is obtained by making the convolution of these functions with the
cross section of the corresponding V V scattering subprocess. For instance, for the WW case one
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writes:
σ(pp→ (WW → WW )X) =
∫ 1
τmin
dτ
(
dL
dτ
)
pp/WW
σ(WW →WW ) (27)
where the luminosity of W ’s from the protons is given by(
dL
dτ
)
pp/WW
=
∑
ij
∫ 1
τ
dτ ′
τ ′
∫ 1
τ ′
dx
x
qi(x)qj(
τ ′
x
)
(
dL
dζ
)
qiqj/WW
(28)
and the corresponding one from the quarks is(
dL
dζ
)
qiqj/WW
=
∫ 1
ζ
dy
y
fq/W (y)fq/W (
ζ
y
) ; ζ =
τ
τ ′
(29)
Here, qi(x) are the quark distribution functions in the proton and fq/W is the W distribution
function in the quark q. The simplest version of these functions for longitudinal and tranverse
W ’s are the following,
fLq/W =
g2
16π2
(
1− x
x
)
; fTq/W (x) =
g2
64π2
log
(
4E2
M2W
)(
1 + (1− x)2
x
)
(30)
Here x is the momentum fraction of the quark q that is carried by the emited W and 2E is the
total energy of the qq system. We have averaged over the two transverse polarizations. Similar
equations are provided for the case of Z gauge bosons.
The EffectiveW Approximation is particularly useful in the case where the SBS is strongly in-
teracting and more generaly for the kind of models that predict different VLVL → VLVL scattering
amplitudes than those of the SM.
12 The Equivalence Theorem
This theorem states the following [24]:
The scattering amplitudes of longitudinal gauge bosons VL (V = W
±, Z), at high energies,√
s >> MV , are equivalent to the scattering amplitudes of their corresponding would-be Goldstone
bosons w,
T (V 1LV
2
L ...V
N
L → V 1LV 2L ...V N
′
L ) ≈ iN (−i)N
′
T (w1w2...wN → w1w2...wN ′) (31)
It can be seen as the reflect that in a gauge theory with spontaneous symmetry breaking, the
needed longitudinal polarization degrees of the massive vector bosons are originated by the Higgs
Mechanism precisely from the corresponding would-be Goldstone bosons.
The Equivalence Theorem works at tree level and beyond tree level and it is very useful in
simplifying a number of involved computations. For instance, it can be applied to compute the
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partial widths of a heavy Higgs into longitudinal W and Z bosons. In this case,
Γ(H →W+L W−L ) = Γ(H → w+w−) +O(
MW
MH
)
Γ(H → ZLZL) = Γ(H → zz) +O(MZ
MH
) (32)
where w± and z are the three would-be Goldstone bosons of the Electroweak Theory. At tree
level it gives,
Γ(H →W+L W−L ) ≃ 2Γ(H → ZLZL) ≃
g2
64π
M3H
M2W
(33)
It has been computed also to one loop [25] and recently to two loops [26].
One of the most important applications of the Equivalence Theorem is in the study of V V
scattering at the future LHC collider. Let us see, for instance, how it works in the case of
W+L W
−
L →W+L W−L scattering at tree level.
The contributing diagrams, in the SM, to the amplitudes with external WL’s are the same as
in the ring of Fig.7. The diagrams for scattering with external w’s are shown in Fig.8.
Fig.8 Contributing diagrams to w+w− → w+w− scattering
Here the polarization vector of an external WL with momentum k is given by
ǫµL =
1
MW
(|~k|, 0, 0, k0)
After the computation of these diagrams one gets the following results:
T (W+L W
−
L →W+L W−L ) = −
1
v2
{−s− t + s
2
s−M2H
+
t2
t−M2H
+ 2M2Z +
23
2M2Zs
t−M2Z
+
2t
s
(M2Z − 4M2W )−
8s2WM
2
WM
2
Zs
t(t−M2Z)
} (34)
T (w+w− → w+w−) = −M
2
H
v2
{ s
s−M2H
+
t
t−M2H
} (35)
By studying the above expressions in the large energy limit,
√
s >> MW ,MZ , and by keeping
just the leading term, one can check the validity of the Equivalence Theorem which in this case
reads,
T (W+L W
−
L →W+L W−L ) = T (w+w− → w+w−) +O(
M2
s
) (36)
and it holds for any value of MH . The above amplitudes have been computed up to one loop [45]
and the Equivalence Theorem seems to work well.
13 Theoretical bounds on MH
In this section we summarize the present bounds on MH from the requirement of consistency of
the theory.
I.- Upper bound on MH from Unitarity
Unitarity of the scattering matrix together with the elastic approximation for the total cross-
section and the Optical Theorem imply certain elastic unitarity conditions for the partial wave
amplitudes. These, in turn, when applied in the SM to scattering processes involving the Higgs
particle, imply an upper limit on the Higgs mass. Let us see this in more detail for the simplest
case of scattering of massless scalar particles: 1 + 2→ 1 + 2.
The decomposition of the amplitude in terms of partial waves is given by:
T (s, cos θ) = 16π
∞∑
J=0
(2J + 1)aJ(s)PJ(cos θ) (37)
where PJ are the Legendre polynomials.
The corresponding differential cross-section is given by:
dσ
dΩ
=
1
64π2s
|T |2 (38)
Thus, the elastic cross-section is written in terms of partial waves as:
σel =
16π
s
∞∑
J=0
(2J + 1)|aJ(s)|2 (39)
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On the other hand, the Optical Theorem relates the total cross-section with the forward elastic
scattering amplitude:
σtot(1 + 2→ anything) = 1
s
Im T (s, cos θ = 1) (40)
In the elastic approximation for σtot one gets σtot ≈ σel. From this and by identifying eqs.(39)
and (40) one finally finds,
Im aJ(s) = |aJ(s)|2 ; ∀J (41)
This is called the elastic unitariry condition for partial wave amplitudes. It is easy to get from
this eq.(41) the following inequalities:
|aJ |2 ≤ 1 ; 0 ≤ Im aJ ≤ 1 ; |Re aJ | ≤ 1
2
; ∀J (42)
These are necessary but not sufficient conditions for elastic unitarity. It implies that if any of
them is not fulfiled then the elastic unitarity condition of eq.(41) also fails, in which case the
unitarity of the theory is said to be violated.
Let us now study the particular case of W+L W
−
L scattering in the SM and find its unitarity
conditions. The J = 0 partial wave can be computed from:
a0(W
+
LW
−
L →W+L W−L ) =
1
32π
∫ 1
−1
T (s, cos θ)d(cos θ) (43)
wher the amplitude T (s, cos θ) is given in eq.(34). By studying the large energy limit of a0 one
finds,
|a0| s>>M
2
H
,M2
V−→ M
2
H
8πv2
(44)
Finally, by imposing the unitarity condition |Re a0| ≤ 12 one gets the following upper bound on
the Higgs mass:
MH < 860 GeV (45)
One can repeat the same reasoning for different channels and find similar or even tighter bounds
than this one.
At this point, it should be mentioned that these upper bounds based on perturbative uni-
tarity do not mean that the Higgs particle cannot be heavier than these values. The conclusion
should be, instead, that for those large MH values a perturbative approach is not valid and
non-perturbative techniques are required.
II.- Upper bound on MH from Triviality
Triviality in λΦ4 theories [27] (as, for instance, the scalar sector of the SM) means that the
particular value of the renormalized coupling of λR = 0 is the unique fixed point of the theory. A
theory with λR = 0 contains non-interacting particles and therefore it is trivial. This behaviour
can already be seen in the renormalized coupling at one-loop level:
λR(Q) =
λ0
1− 3
2pi2
λ0 log(
Q
Λ
)
; λ0 ≡ λR(Q = Λ) (46)
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As we attempt to remove the cut-off Λ by taking the limit Λ → ∞ while λ0 is kept fixed to an
arbitrary but finite value, we find out that λR(Q)→ 0 at any finite energy value Q. This, on the
other hand, can be seen as a consequence of the existence of the well known Landau pole of λΦ4
theories.
The trivilaty of the SBS of the SM is cumbersome since we need a self-interacting scalar
system to generate MW and MZ by the Higgs Mechanism. The way out from this apparent
problem is to assume that the Higgs potential V (Φ) is valid just below certain ’physical’ cut-off
Λphys. Then, V (Φ) describes an effective low energy theory which emerges from some (so far
unknown) fundamental physics with Λphys being its characteristics energy scale. We are going to
see next that this assumption implies an upper bound on MH [28].
Let us assume some concrete renormalization of the SM parameters. The conclusion does
not depend on this particular choice. Let us define, for instance, the renormalized Higgs mass
parameter as:
M2H = 2λR(v)v
2 (47)
where,
λR(v) =
λ0
1− 3
2pi2
λ0 log(
v
Λphys
)
(48)
Now, if we want V (Φ) to be a sensible effective theory, we must keep all the renormalized masses
below the cut-off and, in particular, MH < Λphys. However, from eqs.(47) and (48) we can see
that for arbitrary values of Λphys it is not always possible. By increasing the value of Λphys, MH
decreases and the other way around, by lowering Λphys, MH grows. There is a crossing point
where MH ≈ Λphys which happens to be around an energy scale of approximately 1 TeV . Since
we want to keep the Higgs mass below the physical cut-off, it implies finally the announced upper
bound,
M1−loopH < 1 TeV
Of course, this should be taken just as a perturbative estimate of the true triviality bound. A
more realistic limit must come from a non-perturbative treatment. In particular, the analyses
performed on the lattice [29] confirm this behaviour and place even tighter limits. The following
bound is found,
MLatticeH < 640 GeV
Finally, a different but related perturbative upper limit on MH can be found by analysing the
renormalization group equations in the SM to one-loop. Here one includes, the scalar sector, the
gauge boson sector and restricts the fermionic sector to the third generation. By requiring the
theory to be perturbative (i.e. all the couplings be sufficiently small) at all the energy scales
below some fixed high energy, one finds a maximum allowed MH value [30]. For instance, by
fixing this energy scale to 1016 GeV and for mt = 170 GeV one gets:
MRGEH < 170 GeV
Of course to believe in perturbativity up to very high energies could be just a theoretical prejudice.
The existence of a non-perturbative regime for the scalar sector of the SM is still a possibility
and one should be open to new proposals in this concern.
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III.- Lower bound on MH from Vacuum Stability
Once the asymmetric vacuum of the SU(2)L×U(1)Y theory has been fixed, one must require
this vacuum to be stable under quantum corrections. In principle, quantum corrections could
destabilize the asymmetric vacuum and change it to the symmetric one where the spontaneous
symmetry breaking does not take place. This phenomenom can be better explained in terms of
the effective potential with quantum corrections included on it. Let us take, for instance, the
effective potential of the Electroweak Theory to one loop in the small λ limit:
V 1−loopeff (Φ) ≃ −µ2Φ†Φ+ λR(Q0)(Φ†Φ)2 + βλ(Φ+Φ)2 log
(
Φ†Φ
Q20
)
(49)
where, βλ ≡ dλdt ≃ 116pi2
[
−3λ4t + 316(2g4 + (g2 + g′2)2)
]
.
The condition of extremum is:
δV 1−loopeff
δΦ
= 0 (50)
which leads to two possible solutions: a) The trivial vacuum with Φ = 0; and b) The non-trivial
vacuum with Φ = Φvac 6= 0. If we want the true vacuum to be the non-trivial one we must have:
V 1−loopeff (Φvac) < V
1−loop
eff (0) (51)
However, the value of the potential at the minimum depends on the size of its second derivative:
M2H ≡
1
2
{δ
2V
δΦ2
}Φ=Φvac (52)
and, it turns out that for too low values of M2H the condition above, eq.(51), turns over. That
is, V (0) < V (Φvac) and the true vacuum changes to the trivial one. The condition for vacuum
stability then implies a lower bound on MH [31]. More precisely,
M2H >
3
16π2v2
(2M4W +M
4
Z − 4m4t ) (53)
Surprisingly, for mt > 78 GeV this bound dissapears and, moreover, V
1−loop
eff becomes unbounded
from below!. Apparently it seems a disaster since the top mass is known at present and is certainly
larger than this value. The solution to this problem relies in the fact that for such input values,
the 1-loop approach becomes unrealistic and a 2-loop analysis of the effective potential is needed.
Recent studies indicate that by requiring vacuum stability at 2-loop level and up to very large
energies of the order of 1016 GeV , the following lower bound is found [32]:
Mv.stab.H > 132 GeV (54)
This is for mt = 170 GeV and αs = 0.117 and there is an uncertainty in this bound of 5 to 10
GeV from the uncertainty in the mt and αs values.
27
14 The naturalness Problem
In order to show the so-called naturalness problem, let us compute first the renormalized Higgs
mass, MRH , to one-loop in the SM. Since the SM is a renormalizable theory we can apply the
renormalization program as usual. Let us choose, for instance, the on-shell scheme where MRH
coincides with the physical mass MH and it is related with the bare (unphysical) mass M
0
H by:
(MRH)
2 = (M0H)
2 + δM2H
δM2H = Re ΣH
[
(MRH)
2
]
(55)
where −iΣH [q2] is given by the sum of the 1-loop diagrams contributing to the Higgs self-energy.
Some of these diagrams are shown in Fig.9.
Fig.9 Some contributing diagrams to the Higgs self-energy
Some of these diagrams are quadratically divergent and some others are logarithmically di-
vergent. This can be easily shown by computing the integrals with a cut-off Λ in the ultraviolet
region. For instance,
[−iΣaH ]div ∼
3
16π2
λRΛ
2
[
−iΣbH
]
div
∼ λ
2
Rv
2
16π2
log(
Λ
MW
) (56)
The relation between the renormalized and the bare masses is, therefore, of the following generic
form at on-loop:
(MRH)
2 = (M0H(Λ))
2 +
[
C1Λ
2 + C2 log Λ + C3
]
; Ci = O(
1
16π2
) (57)
The renormalization program tells us how the unphysicalM0H(Λ) must be fixed in order to absorve
all the divergences and to get a finite MRH in the Λ → ∞ limit. The cut-off here is unphysical
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and must be removed at the end from physical quantities. So far, there is nothing unnatural. It
is just the standard renormalization procedure.
The problem arises if (and only if) one wants to interpret the SM as a low energy effective
theory of some fundamental theory which operates at very high energies, say MGUT ∼ 1016 GeV
or MPlanck ∼ 1019 GeV , etc.. In this case, the cut-off becomes a physical quantity and must be
related somehow to the energy at which the new physics of the fundamental theory manifests.
Besides, M0H(Λ) must be predictable from this underlying theory. For high cut-off values, the
1-loop corrections in eq.(57) tend to push MRH to high values as well, so that if one wishes to keep
MRH within a resonable low energy range, M
0
H(Λ) must be adjusted accordingly. Sometimes this
adjustment is critical. For instance, for Λ = MPlanck and if we require M
R
H < 1 TeV , M
0
H must
be fine-tuned up to 30 decimals!. This extreme fine-tuning is what is considered unnatural.
There are two most popular proposed solutions to the naturalness problem, one is based on
Supersymmetry and the other one on Technicolor.
I.- Supersymmetry
The SM is assumed to be the low energy effective theory of some fundamental theory which
is supersymmetric and operates at very high energy, say ΛSUSY ∼ O(MPlanck).
The new symmetry between bosons and fermions, the Supersymmetry (SUSY), [33] implies
an extension of the SM spectrum. In particular, for each scalar boson particle with mass mparticle
there must exist a fermionic superpartner with its same mass, msparticle = mparticle. Thus, if this
Supersymmetry is exact there is an exact cancelation between each 1-loop diagram with a scalar
particle flowing in the loop and the corresponding diagram with its fermionic superpartner in the
loop. As a consequence the quadratic divergences vanish and only softer logarithmic divergences
remain:
(MRH)
2 = (M0H(ΛSUSY))
2 +
[
Cˆ2 log ΛSUSY + Cˆ3
]
(58)
Therefore, no unnatural fine-tuning is needed in the exact SUSY case.
However, the absence of scalar particles in the spectrum with the same mass as the known
fermions indicates that the Supersymmetry must be broken at low energies (i.e, energies available
at present experiments). If SUSY is not exact the particles and their superpartners are not
degenerated anymore and msparticle must be larger than mparticle. However, it cannot be too large
if we want the naturalness problem not to come back. That is to say, if msparticle > mparticle the
quadratic divergences reappear and contribute to (MRH)
2 as:
(m2sparticle −m2particle)
Λ2SUSY
m2sparticle
Therefore, to keep the fine-tuning controled at less than a few percent level, the sparticle spectrum
must appear below about 1 TeV :
msparticle ≤ O(1 TeV )
It announces an interesting phenomenology for sparticle searches at present and future colliders
[34]. In particular the LHC collider seems very promissing.
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II.- Technicolor
In this class of theories, the SBS does not contain an elementary Higgs particle and the
symmetry breaking, SU(2)L × U(1)Y → U(1)em, is produced dinamically by new gauge interac-
tions of a SU(NTC) gauge theory [35]. It is a confining theory at large distances and has strong
interactions similar to SU(3)C of QCD. Because of this analogy with QCD, SU(NTC) is called
Technicolor Theory. The fundamental fields are the techniquarks qTC and technigluons GTC , and
NTC is the total number of technicolors.
The absence of an elementary Higgs boson in Technicolor theories automatically avoids the
naturalness problem. The Higgs Mechanism is implemented by a techniquark condensate in
analogy to the quark condensate of QCD:
< 0|q¯TCqTC |0 > 6= 0 (59)
This condensate must have non-vanishing SU(2)L and U(1)Y charges in order to produce the
wanted breaking. On the other hand, the strong interactions of SU(NTC) are assumed to be the
responsible for producing these condensates.
15 The Spectrum of Technicolor
In Technicolor Theory SU(NTC) there is an additional symmetry, SU(2)L × SU(2)R, and it
happens to be the same global symmetry of the SBS of the SM. (In more complex technicolor
models this symmetry can be even larger). Moreover, this symmetry is spontaneously broken by
the condensate eq.(59) to the diagonal subgroup:
SU(2)L × SU(2)R → SU(2)L+R
By virtue of the Goldstone Theorem, this breaking leads to the existence of three Goldstone
bosons, the so-called technipions π±TC and π
0
TC . When the subgroup SU(2)L × U(1)Y is gauged
the Higgs Mechanism takes place: The three would-be-Goldstone bosons dissapear from the
spectrum and they are replaced by the longitudinal gauge bosons, W±L and ZL.
The coupling of the technipions to the weak current is given by:
< 0|J+µL |π−TC(p) >=
iF TCpi√
2
pµ (60)
where the technipion decay constant is:
F TCpi = v = 246 GeV
which is obviously the analogous to fpi of QCD.
The spectrum of Technicolor is a copy of the spectrum of QCD as well: Technipions (π±TC , π
0
TC),
Technirhos (ρ±TC , ρ
0
TC), etc...An estimate of their masses and widths can be obtained by rescaling
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the corresponding values in QCD with an appropriate factor. This factor can be written as:
F TCpi
fpi
· f(NTC , NC)
where,
F TCpi
fpi
=
246 GeV
0.094 GeV
∼ 2700
and f(NTC , NC) is a function of the number of technicolors and the number of colors. A naive
estimate of this function can be got by using the large NTC approximation in SU(NTC) and,
similarly, large NC in SU(NC) [37]. Thus, for instance, by knowing the behaviour at large NTC
and NC of the technimeson and meson parameters respectively,
mmeson ∼ O(1) ; fpi ∼
√
NC
mTmeson ∼ O(1) ; F TCpi ∼
√
NTC (61)
one finds out,
mTmeson
mmeson
∼ F
TC
pi
fpi
·
√
NC
NTC
(62)
and, therefore, the first expected resonance is the technirho with a mass of
mρTC =
F TCpi
fpi
·
√
NC
NTC
mρ (63)
For instance, for NC = 3, NTC = 4 and mρ = 760MeV one gets,
mρTC = 1.8 TeV
This, on the other hand, gives the order of magnitude of the effective cut-off of Technicolor Theory
where the new physics sets in:
ΛeffTC ∼ O(1 TeV )
Similar arguments can be applied to get the technimeson widths,
Γmeson ∼ O( 1
NC
) ; ΓTmeson ∼ O( 1
NTC
)
⇒ ΓTmeson
Γmeson
∼ NC
NTC
mTmeson
mmeson
⇒ ΓρTC =
NC
NTC
mρTC
mρ
Γρ (64)
For instance, for NC = 3, NTC = 4 and Γρ = 151MeV one gets:
ΓρTC = 260 GeV
The prediction of spectrum at the TeV energies in Technicolor Theories opens new possibilities
for particle searches at future colliders as LHC.
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At this point, one should mention about the drawbacks of Technicolor Theories. It is known
that in order to generate the fermion masses one needs more complex models as the so-called
Extended Technicolor Theories [38] which are not free of problems. For instance, it is very
difficult to avoid flavor changing neutral currents in these models. There are various versions of
Technicolor Theories dealing with these problems, but we are not going to discuss them here. For
more information, we address the reader to ref.[36].
16 The Higgs Sector in MSSM
The Minimal Supersymmetric Standard Model is the simplest extension of the SM, SU(3)C ×
SU(2)L × U(1)Y, that is supersymmetric and contains the minimal particle spectrum.
The following are some of the assumptions done to build up this model:
- The MSSM is considered as a low energy effective theory that should be used just at energies
below the effective scale of Supersymmetry, ΛeffSUSY ∼ O(1 TeV ).
- The MSSM comes from a more fundamental Supersymmetric Theory (It could be, Su-
pergravity, Superstring Theory, etc...) which operates at much higher energy scales, say
ΛSUSY ∼ O(MPlanck), and where SUSY is an exact symmetry.
- In MSSM it is not needed to specify the particular fundamental theory, but whatever it
might result, it must be the responsible for generating the so-called soft-SUSY-breaking
terms which must be included in the Lagrangian of MSSM. These terms are needed to
break SUSY at low energies and to explain msparticle > mparticle.
- The breaking of SUSY in MSSM must be soft to guarantee that no quadratic divergences
reappear in the scalar selfenergies and, thus, to avoid the naturalness problem could emerge
again.
- The soft terms of MSSM are fixed in a way that can produce as well the wanted breaking:
SU(2)L × U(1)Y → U(1)em.
In the following we present the Higgs sector in MSSM and tell how the breaking of SU(2)L×U(1)Y
occurs. For the remaining spectrum and more information on MSSM we address the reader to
Haber’s Lectures in ref.[33] where most of this section has been borrowed from.
In addition to the complex scalar doublet of the SM Φ with Y (Φ) = 1, we need in SUSY
theories a second complex scalar doublet with opposite hypercharge. Let H1 and H2 be these
two doublets:
H1 =
(
H01
H−1
)
; Y (H1) = −1
H2 =
(
H+2
H02
)
; Y (H2) = +1 (65)
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Because of the Supersymmetry, in addition to these scalars, there are two associated fermionic
superpartners with their same quantum numbers:
H˜1 =
 H˜01
H˜−1
 ; Y (H˜1) = −1
H˜2 =
 H˜+2
H˜02
 ; Y (H˜2) = +1 (66)
The reason to introduce two scalar doublets instead of one as in the SM is two fold: 1) Only by
including the fermionic doublets in pairs it is possible to cancel their contribution to the gauge
anomaly; 2) A second scalar doublet H1 with Y = −1 is needed to generate the masses of the
u type quarks. The complex conjugate H∗2 cannot play this role, as in the SM does, since the
requirement of SUSY implies the Superpotential must be an analytic function and therefore it
does not allow for complex conjugate scalar fields.
The counting of polarization degrees in the electroweak symmetry breaking within the MSSM
is different than in the SM. It goes as follows,
1) Before SSB
4 massless gauge bosons: W µ1,2,3, B
µ
8 massless scalars: The 4+4 real components of the complex doublets H1 and H2
Total number of polarization degrees = 4× 2 + 8 = 16
2) After SSB
3 massive gauge bosons: W±, Z
1 massless gauge boson: γ
5 massive scalar bosons: H±, A0, H0, h0
Total number of polarization degrees: 3× 3 + 1× 2 + 5 = 16
As in the SM, the total number of polarization degrees is preserved in the breaking but now it
is larger than in SM. Apart from the three needed would-be-Goldstone bosons, there have been
introduced ’ad hoc’ five more polarization degrees (instead of one as in the SM) which, after the
breaking, emerge as the five physical massive Higgs bosons of the MSSM:
- two charged scalar bosons, H+ and H−
- one CP-odd neutral scalar boson, A0
- two CP-even neutral scalar bosons, H0 and h0
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The simplest potential im terms of H1 and H2 that is supersymmetric is given by:
V (H1, H2) = |µ|2(|H1|2 + |H2|2) + 1
8
(g2 + g′2)(|H1|2 − |H2|2)2 + 1
2
g2|H∗1H2|2 (67)
This should be compared with the Higgs potential of the SM:
V (Φ) = −µ2Φ†Φ+ λ(Φ†Φ)2 (68)
The following observations are in order:
- In the SUSY potential there is the same coefficient for the |H1|2 and |H1|2 terms. This will
lead to some mass relations.
- In the SUSY potential the scalar self-coupling is not an independent papameter but it is
given in terms of the gauge coupling constants g2 and g′2. Therefore, the Higgs sector in
the MSSM is allways weakly interacting and contains, at least, one light Higgs boson with
mh0 ∼ O(100 GeV ).
- The SUSY potential cannot produce the wanted electroweak symmetry breaking since it
is definite possitive, V (H1, H2) ≥ 0 ∀H1,2 , and its minimum is at the trivial vacuum,
H1 = H2 = 0. In order to generate a non-trivial asymmetric vacuum some additional terms
are needed in the potential. These are the above mentioned soft-breaking terms whose role
is two fold: To break the Supersymmetry and to break SU(2)L × U(1)Y.
The simplest potential with soft breaking terms included is given by,
VMSSM = m
2
1H |H1|2 +m22H |H2|2 −m212(ǫijH i1Hj2 + h.c.)
+
1
8
(g2 + g′2)(|H1|2 −H2|2)2 + 1
8
g2|H∗1H2|2 (69)
where,
m2iH ≡ |µ|2 +m2i ; i = 1, 2 (70)
and m21, m
2
2 and m
2
12 are the soft SUSY breaking parameters.
One can check that the following are the necessary conditions for SU(2)L × U(1)Y breaking:
1.- |m212|2 > m21Hm22H
This condition insures the existence of infinite degenerate vacua with < H01 > 6= 0 and
< H02 > 6= 0.
2.- m21H +m
2
2H ≥ 2|m12|2
This condition is needed to insure vacuum stability.
Once these conditions are imposed, the next step is to choose one out of the infinite degenerate
vacua. The usual asymmetric vacuum is the simplest one which is defined by the following
configuration:
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< H01 >= v1 ; < H
0
2 >= v2
v1 and v2 are real and possitive
m212 is real and possitive
Furthermore, v1 and v2 are not completely free. They must fulfil the following additional
constraint:
m2W =
1
2
g2(v21 + v
2
2)⇒ v21 + v22 = (246 GeV )2 (71)
One can use m21H , m
2
2H and m
2
12 as input parameters to characterize the breaking or some three
alternative parameters. For instance, v1, v2 and the mass of the CP-odd scalar boson mA0 . If we
consider, in addition, the constraint of eq.(71) we are left with just two independent papameters.
It is customary to choose as input parameters: mA0 and tanβ ≡ v2v1 .
After some algebra one finds out the Higgs masses in terms of these parameters:
m2H± = m
2
W +m
2
A0
m2H0,h0 =
1
2
[
m2A0 +m
2
Z ±
√
(m2A0 +m
2
Z)
2 − 4m2Zm2A0 cos2 2β
]
(72)
as well as the Higgs spectrum:
H+ ; H−
H0 = (
√
2Re H01 − v1) cosα + (
√
2Re H02 − v2) sinα
h0 = −(
√
2Re H01 − v1) sinα + (
√
2Re H02 − v2) cosα (73)
where,
cos 2α ≡ − cos 2β
(
m2A0 −m2Z
m2H0 −m2h0
)
; sin 2α ≡ − sin 2β
(
m2H0 +m
2
h0
m2H0 −m2h0
)
(74)
The result in eq.(72) indicates that the following inequalities hold in the MSSM at tree level,
mh0 ≤ mZ ; mH0 ≥ mZ ; mH± ≥ mW (75)
Interestingly, there is a neutral Higgs boson h0 lighter than the Z boson. This fact, when it was
noticed, seemed to announce a possible discovery of h0 at LEP. However, it was realized later
that, beyond tree level, these inequalities in eq.(75) do not hold anylonger. In particular, m0h
gets large corrections from top and stop loops and one finds out to one loop that mh0 > mZ . By
scanning the whole parameter space, recent studies indicate, however, that the values obtained
for mh0 , including the complete one-loop corrections, never exceed certain value. In ref.[40] the
following absolute upper limit is found:
mh0 < 140 GeV
On the other hand, since these scalar particles have not been seen at present experiments one
can extract experimental lower mass limits. From the absence of any Higgs signal at the LEP
experiment one finds [41],
mexph0 > 52 GeV ; m
exp
A0 > 54 GeV ; m
exp
H± > 44 GeV (95%C.L.) (76)
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17 Strongly Interacting SBS
The strongly interacting hipothesis in the SM refers to the possibility that the scalar self-coupling
λ be large and a perturbative approach in powers of this coupling is not anylonger valid. Since in
the SM at tree level there is a direct relation between λ andMH given by λ =
g2M2
H
8M2
W
, a large value
of λ implies a large value of MH . Thus, for instance, for a very heavy Higgs with MH ∼ 1 TeV
one gets a non perturbative coupling of λ ∼ 7.
Given the SM potential of eq.(5), a large value of λ implies that the interactions among
the three would-be-Goldstone bosons and the Higgs particle are strong. Since, by virtue of
the Equivalence Theorem of eq.(31), there is a relation between the Goldstone bosons and the
longitudinal gauge bosons scattering amplitudes,
T (V 1LV
2
L → V 3LV 4L ) = T (w1w2 → w3w4) +O(
M2V
s
) ;
√
s >> MV ; V
i =W±, Z (77)
it in turn implies that, at high enough energies, the W±L and ZL gauge bosons become strongly
interacting too [42, 43]. The amplitudes of longitudinal gauge bosons are expected to show the
typical features of a strong interaction as, for instance, the appearance of multiple resonances
with sizeable widths in the TeV energy region etc. [43]. In the case of the SM, the first resonance
would be the Higgs particle itself with a large mass and a large width [17].
A common feature to all models of strongly interacting SBS is that the size of the cross-
section for production of longitudinal gauge bosons pairs at these high energies,
√
s ∼ O(1 TeV ),
is expected to be larger than in weakly interacting theories as, for instance, the SM with a light
Higgs boson. Although, there are several interesting possibilities to look for strongly interacting
signals, the most obvious and, therefore, the most studied one is precisely VLVL production at
the future collider LHC in the various possible channels ,V = W±, Z [43]. In the large energy
region it comes mainly from the so-called gauge boson fusion processes (see Fig.7). Several studies
indicate that an enhacement in VLVL production over the expected background could be observed
at LHC in the mass invariant region of MV V ∼ O(1 TeV ) [43, 44].
Some comments are in order. There are some intrinsic problems connected to the above
definition of strongly interacting SBS . One is that for a too heavy Higgs particle, the width is
comparable with the mass and an interpretation of H as a particle or as a resonance makes no
sense. Another one is that for such a heavy boson, the elastic unitarity condition is violated in
VLVL scattering, what indicates the failure of perturbation theory. In practice, some unitarization
procedure must, therefore, be implemented to cure this bad behaviour. In a more ambitious
program, a non-perturbative treatment of this strongly interacting system should be performed.
The lattice, would be obviously one possibility for future estimates.
Finally it is worth mentioning that one can also postulate the hipothesis of a strongly inter-
acting SBS beyond the SM. There are several proposals and all have as a common assumption
that either the Higgs particle does not exist or it is not a fundamental particle. Some examples
are: Technicolor Models [35, 36], models where the Higgs boson is a top-antitop condensate [46],
the BESS model [47] etc..
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18 Low Energy Theorems
These theorems are a consequence of the additional global symmetry,
SU(2)L × SU(2)R → SU(2)L+R (78)
which is present in the SBS of the SM and we wish to be present as well in any alternative Higgs
sector in view of the successfull prediction of ρ = 1 based on this symmetry pattern.
The Low Energy Theorems are universal since they rely just on symmetry arguments and,
therefore, they must hold in any possible scenario for the SBS . They state the following:
The Goldstone boson scattering amplitudes that are imposed by the symmetry of eq.(78) are
given at low energies by the following simple expressions [48]:
T (w+w− → w+w−) = − u
v2
T (w+w− → zz) = s
v2
T (zz → zz) = 0 (79)
where, v = 246 GeV , (s, t, u) are the Mandelstan variables and low energies here refer to energies
well below any possible emerging resonance.
It is interesting to notice the similarities with the Low Energy Theorems for ππ scattering
which are associated with the Chiral symmetry of QCD [49]:
T (π+π− → π+π−) = − u
f 2pi
T (π+π− → π0π0) = s
f 2pi
T (π0π0 → π0π0) = 0 (80)
where, fpi = 94MeV and low energies here means
√
s << mρ.
Finally, by using the Equivalence Theorem, the above expressions in eq.(79) are translated
into Low Energy Theorems for the scattering of longitudinal gauge bosons:
T (W+LW
−
L → W+LW−L ) = −
u
v2
T (W+L W
−
L → ZLZL) =
s
v2
T (ZLZL → ZLZL) = 0 (81)
They are universal as well and hold for any particular SBS . The energy must be in the range of
applicability of both the Equivalence Theorem and the Low Energy Theorems. It means an energy
larger than the W± and Z masses but lower that the first possible resonance. In the particular
case of the SM, the above expressions should hold in the energy range MW,Z <<
√
s << MH .
This is indeed what results from the exact tree level expressions of eq.(34) when this energy limit
is considered.
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19 Effective Lagrangian Approach to Electroweak Theory
The electroweak interactions can be described at low energies by means of an effective Lagrangian
which is SU(2)L × U(1)Y gauge invariant and is written in terms of just the light fields [50].
In particular, the effective Lagrangian which does not contain explicitely the Higgs field in its
formulation has been named Electroweak Chiral Lagrangian and has some interesting applications
to electroweak phenomenology [44, 51, 52]. In this approach the Higgs particle is assumed either
very heavy, say MH ∼ O(1 TeV ), or unexistent.
In the bosonic sector, the EChL is a non-linear theory which is built in terms of a field U
that parametrizes the three would-be-Godstone bosons, its covariant derivative DµU and the
SU(2)L × U(1)Y gauge boson fields [53]:
U ≡ exp
(
i
~τ · ~w
v
)
, v = 246 GeV, ~w = (w1, w2, w3)
DµU ≡ ∂µU − gWµU + g′UBµ (82)
where, Wµ and Bµ are defined in eq.(13).
It is a non-linear theory since the would-be-Goldstone bosons transforms non-linearly under
SU(2)L × U(1)Y and it is a consequence of the lack of the Higgs field in this theory that could
complete together with the w′s a linear multiplet. The U field, however, transforms linearly under
SU(2)L × U(1)Y:
U(x)→ gLU(x)g+Y ; gL ∈ SU(2)L ; gY ∈ U(1)Y (83)
The EChL has the following generic form:
LEChL = LNL +
13∑
i=0
Li. (84)
where,
LNL = v
2
4
Tr
[
DµU
†DµU
]
+ LYM (85)
is the Lagrangian of the well known gauged non-linear sigma model and LYM is the Yang-Mills
Lagrangian containing the kinetic, the gauge fixing and the Faddeev Popov terms.
The Li’s in eq.(84) are the so-called chiral effective operators. They are the complete set of
operators with dimension up to four (notice that the field U is dimensionless) that can be built
up in terms of the light bosonic fields, U , W±µ , Zµ and γµ, and that are SU(2)L × U(1)Y and
CP invariant. The building blocks to implement gauge invariance are, therefore, the covariant
derivative DµU and the field strength tensors Wµν and Bµν of eq.(12).
For completeness, we include here the list of operators [53] 1:
L0 = a0g′2v
2
4
[Tr (TVµ)]
2
1 The relation with Longhitano’s notation in ref.[53] is the following: a0 =
g2
g′2
β1 ; a1 =
g
g′
α1 ; a2 =
g
g′
α2 ; a3 =
−α3 ; ai = αi , i = 4, 5, 6, 7 ; a8 = −α8 ; a9 = −α9 ; a10 = α10/2 ; a11 = α11 ; a12 = α12/2 ; a13 = α13.
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L1 = a1 igg
′
2
BµνTr (TWµν)
L2 = a2 ig
′
2
BµνTr (T [V
µ, V ν ])
L3 = a3gTr (Wµν [V µ, V ν ])
L4 = a4 [Tr (VµVν)]2
L5 = a5 [Tr (VµV µ)]2
L6 = a6Tr (VµVν) Tr (TV µ)Tr (TV ν)
L7 = a7Tr (VµV µ) [Tr (TV ν)]2
L8 = a8 g
2
4
[Tr (TWµν)]2
L9 = a9 g
2
Tr (TWµν)Tr (T [V µ, V ν ])
L10 = a10 [Tr (TVµ) Tr (TVν)]2
L11 = a11Tr
(
(DµV
µ)2
)
L12 = a12Tr (TDµDνV ν) Tr (TV µ)
L13 = a13 1
2
[Tr (TDµVν)]
2 (86)
where,
T ≡ Uτ 3U †, Vµ ≡ (DµU)U †. (87)
By reading from LNL the quadratic terms in the gauge fields one finds out the gauge boson masses:
M2W =
g2v2
4
; M2Z =
(g′2 + g2)v2
4
; M2γ = 0 (88)
Therefore, the EChL describes as well a SU(2)L×U(1)Y gauge theory with spontaneous symmetry
breaking to U(1)em. Furthermore, one can check that the scalar sector of EChL has the additional
global symmetry SU(2)L×SU(2)R and it is spontaneously broken down to the custodial symmetry
group SU(2)L+R. This is precisely the origen of including the name ’chiral’ in the EChL.
This approach to Electroweak Theory is inspired in the well known Chiral Lagrangian ap-
proach to QCD at low energies and the Chiral Perturbation Theory [54]. In particular, the
predictions in this theory for the would-be-Goldstone boson scattering amplitudes (in the ap-
proximation of neglecting the gauge interactions versus the scalar self-interactions) are similar to
the pion scattering amplitudes of Chiral Perturbation Theory [51]. Furthermore, by virtue of the
Equivalence Theorem [55] it implies predictions for the scattering amplitudes of the longitudinal
gauge bosons.
Finally, the coefficients ai in front of the effective operators are called the chiral parameters,
and are very important since they encode the information on the particular underlying physics
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which is the responsible of generating this effective Lagrangian to low energies. LNL and the
effective operators are universal whereas the values of the chiral parameters do depend on the
underlying assumed fundamental theory. Therefore it is crucial to meassure in experiment the
ai values in order to be able to discriminate among the different possible scenarios. On the
other hand, it is also important to compute these coefficients from the various posssible theories.
Several works have been done along these two lines. Some of the ai’s can already be bounded
from present experiments as LEP (Holdon et al., Dobado et al., Golden et al. in ref.[52]; [61]).
In fact, one can find relations between some of these parameters and the S, T and U parameters
of ref.[59] or, equivalently, the ǫi variables of ref.[60] (see, for instance, ref.[57]) which have been
object of many studies in the last years.
The most chalenging experiment for the study of the SBS with Effective Lagrangians will be
LHC. Recent studies indicate that the chiral parameters will be measured (or bounded) mainly
by analysing gauge boson pair production processes in the high mass invariant region [56]. On
the other hand, there are already available the computations of the chiral parameters in the two
most typical scenarios: The SM with a heavy Higgs particle [57, 58], and Technicolor [62].
Acknowledgements
I wish to thank my friends Teresa Rodrigo and Alberto Ruiz for organizing this meeting which I
found very interesting and enjoyable. I would like also to thank them for their ’infinite’ patience
in waiting for these written lectures to be completed. This work has been partially supported by
the spanish Ministerio de Educacio´n y Ciencia under project CICYT AEN93-0673.
40
References
[1] S.L.Glashow, Nucl.Phys.22(1961),579;
S.Weinberg, Phys.Rev.Lett.19(1967),1264;
A.Salam in Elementary Particle Physics (Nobel Symp. N.8), Ed. N.Svartholm, Almquist and
Wiksells, Stockholm (1968), p.367
[2] The Goldstone Theorem was really the product of a series of works:
Y.Nambu, Phys.Rev.Lett.4(1960),380;
Y.Nambu and G.Jona-Lasinio, Phys.Rev.122(1961),345; Phys.Rev.124(1961), 246;
J.Goldstone, Nuovo Cimento 19 (1961),154;
J.Goldstone, A.Salam, S.Weinberg, Phys.Rev.127(1962),965.
[3] P.Anderson, Phys.Rev.130(1963),439;
P.W.Higgs, Phys.Lett.12(1964),132;
F.Englert and R.Brout, Phys.Rev.Lett.(1964),321;
P.W.Higgs, Phys.Rev.145(1966),1156;
T.W.B.Kibble, Phys.Rev.155(1967),1554.
[4] For an introduction to Symmetry Breaking and the Higgs Sector of The Electroweak Theory
see,
’Gauge Theory of Elementary Particle Physics’, T.P.Cheung and L.F.Li, Oxford Univ. Press,
1991 (reprinted);
’Gauge Field Theories’, S.Pokorski, Cambridge Monographs on Mathematical Physics, CUP,
1990 (reprinted);
’Aspects of Symmetry’ in Selected Erice Lectures , S.Coleman, Cambridge Univ. Press,1985,
Cambridge;
’Electroweak Symmetry Breaking: Unitarity, Dynamics, Experimental Prospects’,
M.S.Chanowitz, Ann. Rev.Nucl.Part.Sci.38 (1988);
’Introduction to the Physics of Higgs Bosons’, S.Dawson, Lectures given at the 1994 Theo-
retical Advanced Study Institute, Boulder, CO, June 1994, BNL-61012, hep-ph/9411325
[5] For an introduction to Electroweak Theory see, for instance,
’The Standard Model of Electroweak Interactions’, A.Pich, Lectures given at The XXII
International Meeting On Fundamental Physics, Jaca (Huesca), Spain, Ed. J.A.Villar and
A.Morales, Pub. Edition Frontieres (1995), p.1; hep-ph/9412274.
[6] V.L.Ginzburg and L.D.Landau, J.Expl.Theoret.Phys.USSR 20 (1950),1064.
[7] For a pedagogical introduction to chiral symmetries and related phenomenology see,
’Dynamics of The Standard Model’, J.Donoghue, E.Golowich and B.R.Holstein, Cambridge
Monographs on Particle Physics, Nuclear Physics and Cosmology, CUP, 1994 (reprinted).
[8] G. ’t Hooft, Nucl.Phys.B33(1971),173; Nucl.Phys.B35(1971),167.
[9] For an introduction to Renormalization of Electroweak Interactions see, for instance,
’Renormalization of The Standard Model’, W.Hollik, in ’Precision Tests of The Standard
41
Electroweak Model’, Advanced Series on Directions in High Energy Physics, Vol.14, Ed.
P.Langacker, World.Sci.Pub.Co.(1995), p.37.
[10] P.Sikivie et al.,Nucl.Phys.B173(1980),189
[11] See, for instance, J.F.Grivaz, Plenary talk ’Particle Searches’ at the International Euro-
physics Conference on High Energy Physics, Brussels, July 1995. To be published in the
Proceedings.
[12] For a general overview on Higgs searches see ’The Higgs Hunters Guide’, J.Gunion et al,
Frontier in Physics, Addison-Wesley, Menlo Park, 1990.
[13] A.Olchevski, Plenary talk ’Precision Tests of The Standard Model’ at the International
Europhysics Conference on High Energy Physics, Brussels, July 1995. To be published in
the Proceedings;
LEP internal notes LEPEWWG/51-01 and LEPHF/95-02;
SLD Physics Note 39’/95.
[14] M.Consoli and Z.Hioki, hep-ph/9503288, hep-hp/9505249.
[15] A.Sopczak, ’Status of Higgs Hunting at LEP: Five years of progress’, CERN-PPE-95-46.
[16] CDF Collaboration: F. Abe et al., Phys. Rev. Lett. 73 (1994), 225; Phys. Rev. D50 (1994),
2966;
CDF Collaboration: F.Abe et al., FERMILAB-PUB-95/022-E(1995);
D0 Collaboration: S.Abachi et al., FERMILAB-PUB-95/028-E(1995).
[17] M.Veltman, Act.Phys.Pol.B8(1977),475; Nucl.Phys.B123(1977),89.
[18] M.S.Chanowitz, M.A.Furman, I.Hinchliffe, Phys.Lett.B78(1978),285.
[19] W.Marciano, A.Stange and S.Willenbrock, Phys.Rev.D49(1994),1354
[20] See F.Pauss Lectures at this Meeting for more details.
[21] D.Denegri, Plenary talk ’Standard Model Physics at the LHC (pp collisions)’ in Proceedings
of The Large Hadron Collider Workshop, Vol.I, p.56, Aachen Oct.1990, CERN-90-10.
CMS Collaboration, Technical Proposal, CERN/LHCC 94-38;
ATLAS Collaboration, Technical Proposal, CERN/LHCC 94-13.
[22] S.Dawson, Nucl.Phys.B249(1985),42;
G.Kane, W.Repko and W.Rolnick, Phys.Lett.B148(1984),367;
M.Chanowitz and M.K.Gaillard, Phys.Lett.B142(1984),85.
[23] S.Brodsky, T.Kinoshita and H.Terazawa, Phys.Rev.D4(1971),1532.
[24] J.M.Cornwall, D.N.Levin and G.Tiktopoulos, Phys.Rev.D10(1974),1145;
B.Lee, C.Quigg and H.Thacker, Phys.Rev.D16(1977), 1519;
M.Chanowitz and M.K.Gaillard, Nucl.Phys.B261(1985),379;
G.J.Gounaris,R.Kogerler and H.Neufeld, Phys.Rev.D34(1986),3257;
42
Y.P.Yao and C.P.Yuan, Phys.Rev.D38(1988), 2237;
J.Bagger and C.Schimdt, Phys.Rev.D41(1990),2237;
H.Veltman, Phys.Rev.D41(1990),2294.
[25] W.Marciano and S.Willenbrock, Phys.Rev.D37(1988),2509.
[26] A.Ghinculov, Nucl.Phys.B455(1995),21.
[27] K.Wilson, Phys.rev.B4(1971),3184;
K.Wilson and J.Kogut, Phys.Rep.12C(1974),75.
[28] R.Dashen and H.Neuberger, Phys.Rev.Lett.50(1983),1897;
A.Hasenfratz and P.Hasenfratz, Phys.Rev.D34(1986),3160.
[29] P.Hasenfratz and J.Nager, Z.Phys.C37(1988);
A.Hasenfratz and T.Neuhaus, Nucl.Phys.B297(1988),205;
J.Kuti, L.Lin and Y.Shen, Phys.Rev.Lett.61(1988),678;
M.Luscher and P.Weisz, Phys.Lett.B212(1988),472;
A.Hasenfratz in Quantum Fields on The Computer, Ed. M.Creutz, World Sci. Singapore,
1992, p.125.
[30] N.Cabibbo et al., Nucl.Phys.B158(1979),295.
[31] M.Lindner, Z.Phys.31(1986), 295;
M.Sher, Phys.Rep.179(1989),273;
M.Lindner, M.Sher and H.W.Zaglauer, Phys.Lett.B228(1989),139.
[32] M.Sher, Phys.Lett.B331(1994),448;
G.Altarelli and G.Isidori, Phys.Lett.B357(1994),141;
J.A.Casas, J.R.Espinosa and M.Quiros, Phys.Lett.B342(1995),171.
[33] For an introduction to SUSY see,
’Supersymmetry’, J.Wess and J.Bagger, Princeton Series in Physics, Princeton Univ. Press,
(1983);
G.Kane and H.Haber, Phys.Rep. 117C(1985),75;
’Introductory Low Energy Supersymmetry’, H.Haber, Lectures given at the Theoretical Ad-
vanced Study Institute, Univ. Of Colorado, CO, June 1992, SCIPP-92/33;
’Phenomenological Aspects of Supersymmetry’, H.P.Nilles, Lectures given at the conference
’Gauge Theories, Applied Supersymmetry and Quantum Gravity’, Leuven, Belgium, July
1995. To appear in the proceedings. TUM-HEP-230/95.
[34] For a short and updated summary of SUSY searches see, for instance,
H.Baer, ’The search for Supersymmetry’, Proceedings of the conference ’Beyond The Stan-
dard Model IV’, Tahoe, CA, World Sci.Pub.Co.(1995),p.243.
[35] S.Weinberg, Phys.Rev.D19(1979),1277;
S.Dimopoulos and L.Susskind, Nucl.Phys.B155(1979),237;
E.Farhi and L.Susskind, Phys.Rep.74(1981),277.
43
[36] T.Appelquist, Lectures given at the 1994 Theoretical Advanced Study Institute , Boulder,
CO, June 1994.
[37] G. ’t Hooft, Nucl. Phys.B72 (1974),461.
[38] S.Dimopoulos and L.Susskind, Nucl. Phys.B155(1979),237;
E.Eichten and K.Lane, Phys.Lett.90B(1980),125.
[39] H.Haber and R.Hempfling, Phys.Rev.Lett.66(1991),1815;
J.Ellis, G.Ridolfi and F.Zwirner, Phys.Lett.B257(1991),83;
M.A.Diaz, Ph.D.Thesis, Univ. of Santa Cruz, CA, SCIPP-92/13, June 1992.
[40] J.A.Casas at al., CERN-TH-7334/94, hep-ph/9407389;
J.R.Espinosa, Ph.D.Thesis, Univ. Autonoma de Madrid, Madrid 1994.
[41] See, for instance,
A.Sopczack, talk ’Aspects of Higgs boson searches’ in ’Beyond The Standard Model IV’,
Tahoe, CA, World Sci.Pub.Co.(1995),p.557.
[42] D.Dicus and V.Mathur, Phys.Rev.D7 (1973),3111;
B.Lee, C.Quigg and H.Thacker, Phys.Rev.D16(1977), 1519.
[43] M.Chanowitz and M.K.Gaillard, Phys.Lett.B142(1984),85.
[44] A.Dobado, M.J.Herrero and J.Terron, Z.Phys.C50(1991),205; Z.Phys.C50(1991),465;
S.Dawson and G.Valencia, Nucl.Phys.B352(1991),27;
A.Falk, M.Luke and E.Simmons, Nucl.Phys.B365(1991),523;
J.Barger, S.Dawson and G.Valencia, Nucl.Phys.B399(1993), 364;
J.Bagger at al., Phys.Rev.D49(1994),1246; hep-ph/9504426.
[45] S.Dawson and S.Willenbrock, Phys.Rev.D40(1989),2880;
M.Veltman and F.J.Yndurain, Nucl.Phys.B163(1989),402.
[46] W.Bardeen, C.Hill and M.Lindner, Phys.Rev.D41(1990),1647.
[47] R.Casalbuoni et al., Phys.Lett.155B (1985),95; Nucl.Phys.B282(1987),335.
[48] M.Chanowitz, M.Golden and H.Georgi,
Phys.Rev.Lett.57(1986),2344; Phys.Rev.D36.(1987),1490.
[49] S.Weinberg, Phys.Rev.Lett.171(1966),11.
[50] For reviews on Effective Lagrangians in Electroweak Theory see,
X.Zhang, Ph.D.Thesis, DESY T-88-02, Hamburg (1988);
S.Peris, Ph.D.Thesis, Univ. Autonoma de Barcelona, Barcelona (1989);
S.Sint, Thesis work (Diplomarbeit), Institute fur Theorestische Physik der Universitat Ham-
burg, Hamburg (1991);
H. Georgi, Ann. Rev. Nucl. Part. Sci.43 (1993),209;
F. Feruglio, Int. J. Mod. Phys. A8 (1993), 4937;
44
M.B. Einhorn, ”Beyond the standard model with effective Lagrangians”, UM-TH-93-12;
C.P.Yuan, ’Top Quark Physics’, Lectures given at the VI Mexican School of Particles and
Fields, Villahermosa, Tabasco, Mexico, 1994, Eds. J.C.D’Olivo, M.Moreno and M.A.Perez,
World Sci.Pub.Co.(1995), p.16;
E.Ruiz Morales, Ph.D.Thesis, Univ. Autonoma de Madrid, Madrid (1995).
[51] A. Dobado and M.J. Herrero, Phys.Lett.B228 (1989),495; Phys.Lett.B233 (1989),505.
J. Donoghue and C. Ramirez, Phys.Lett.B234(1990), 361.
[52] B. Holdom and J. Terning, Phys.Lett.B247 (1990), 88;
A. Dobado, D. Espriu and M.J. Herrero, Phys.Lett.B255 (1991), 405;
M.Golden and L.Randall, Nucl.Phys.B361(1991),3;
D. Espriu and M.J. Herrero, Nucl.Phys.B373(1992),117;
M.J.Herrero and E.Ruiz Morales, Phys.Lett.B296(1992),397
[53] T.Appelquist and C.Bernard, Phys. Rev.D22(1980), 200;
A.C.Longhitano, Nucl.Phys.B188(1981),118; Phys.Rev.D22(1980),1166;
R. Akoury and Y.P. Yao, Phys. Rev.D25(1982),1605;
O. Cheyette and M.K. Gaillard, Phys. Lett.B197(1987),205;
O. Cheyette, Nucl.Phys.B297(1988),183.
[54] S. Weinberg, Physica 96A (1979), 327.;
Gasser and H. Leutwyler, Ann. Phys. (N.Y.) 158 (1984), 142;
’Weak Interactions and Modern Particle Theory’, H.Georgi, Bengamin Cummings Pub.Co.
(1984).
[55] The Equivalence Theorem in Effective Lagrangians has been discussed in:
A. Dobado and J.R. Pelaez,
Phys.Lett.B329(1994),469; B335(1994),554(A); Nucl.Phys.B425(1994), 110; E-B434(1995),
475;
H.-Y. He, Y.-P. Kuang and X. Li, Phys.Lett.B329 (1994), 278;
D.Espriu and J.Matias, Phys.Rev.D52(1995),6530
[56] A.Dobado and M.T.Urdiales, FTUAM94/29, hep-ph/9502255, to appear in Z.Phys.C.(1996);
A.Dobado et al., Phys.Lett.B352(1995),400.
[57] M.J. Herrero and E. Ruiz Morales, Nucl. Phys.B418(1994),431; Nucl.Phys.B437(1995),319.
[58] A.Nyffeler and A.Schenk, HUTP-94/A012;
D.Espriu and J.Matias, Phys.Lett.B341(1995),332;
S.Dittmaier and C.Grosse-Knetter, BI-TP 95/01; BI-TP 95/10.
[59] M.E. Peskin and T. Takeuchi, Phys.Rev.Lett.65 (1990), 964; Phys. Rev.D46(1992), 381.
[60] G.Altarelli and R.Barbieri, Phys.Lett.B253(1991),161.
[61] S.Dawson and G.Valencia, BNL-60949, 1994.
[62] T. Appelquist and G.-H Wu, Phys.Rev.D48(1993),3235.
45
This figure "fig1-1.png" is available in "png"
 format from:
http://arxiv.org/ps/hep-ph/9601286v1
This figure "fig2-1.png" is available in "png"
 format from:
http://arxiv.org/ps/hep-ph/9601286v1
This figure "fig1-2.png" is available in "png"
 format from:
http://arxiv.org/ps/hep-ph/9601286v1
This figure "fig2-2.png" is available in "png"
 format from:
http://arxiv.org/ps/hep-ph/9601286v1
This figure "fig1-3.png" is available in "png"
 format from:
http://arxiv.org/ps/hep-ph/9601286v1
